The fission yeast checkpoint protein Crb2, related to budding yeast Rad9 and human 53BP1 and BRCA1, has been suggested to act as an adapter protein facilitating the phosphorylation of specific substrates by Rad3-Rad26 kinase. To further understand its role in checkpoint signaling, we examined its localization in live cells by using fluorescence microscopy. In response to DNA damage, Crb2 localizes to distinct nuclear foci, which represent sites of DNA double-strand breaks (DSBs). Crb2 colocalizes with Rad22 at persistent foci, suggesting that Crb2 is retained at sites of DNA damage during repair. Damage-induced Crb2 foci still form in cells defective in Rad1, Rad3, and Rad17 complexes, but these foci do not persist as long as in wild-type cells. Our results suggest that Crb2 functions at the sites of DNA damage, and its regulated persistent localization at damage sites may be involved in facilitating DNA repair and/or maintaining the checkpoint arrest while DNA repair is under way.
Eukaryotic cells respond to DNA damage by activating checkpoint signaling pathways conserved from yeast to humans (26, 51) . Current models of DNA damage checkpoint signaling envision distinct groups of sensor, adapter, and effector proteins acting in a sequential manner to effect checkpoint responses (20, 35) . Sensor proteins act at the top of the pathways by recognizing the DNA lesions. Adapter proteins then transduce the signal from the sensors to downstream effectors (Table 1).
Three checkpoint protein complexes have been suggested to play roles in sensing DNA damage. The components of these complexes in fission yeast are the "checkpoint Rad proteins," including Rad1, Rad3, Rad9, Rad17, Rad26, and Hus1. The Rad3-Rad26 complex is a protein kinase orthologous to budding yeast Mec1-Lcd1 and mammalian ATR-ATRIP (8) . Rad17 associates with four replication factor C (RFC) subunits to form a pentameric complex that is thought to load the ring-shaped Rad1-Rad9-Hus1 "sliding clamp" onto DNA (11, 39, 46) . Recent studies showed that the ATR-ATRIP complex and the checkpoint sliding clamp are recruited to the chromatin at the sites of DNA damage through distinct mechanisms (16, 20, 34, 36, 52) . The independent recruitment of these two complexes at sites of DNA damage suggests that proper recognition of DNA damage may require multiple checkpoint sensors with distinct functions.
In fission yeast, the checkpoint Rad proteins are required for both the replication checkpoint that senses stalled replication forks and activates the effector kinase Cds1 (Chk2) and the DNA damage checkpoint that activates the effector kinase Chk1 (6, 32) . The different outputs of the two checkpoint pathways are likely to be determined by adapter checkpoint proteins, which provide specificity to the checkpoint responses initiated by a common set of sensor proteins (41) . The fission yeast adapter protein involved in the DNA damage checkpoint is Crb2, which shares sequence similarity in its C-terminal tandem BRCT repeats with budding yeast Rad9 and mammalian 53BP1 and BRCA1 (37, 49) . Crb2 is specifically involved in the DNA damage checkpoint and is required for the activation of the effector kinase Chk1. In response to DNA damage, Crb2 becomes hyperphosphorylated (37) . This DNA damage-induced phosphorylation of Crb2 requires the checkpoint Rad proteins but not Chk1, suggesting that Crb2 acts downstream of the checkpoint Rad proteins but upstream of Chk1. The nature of the damage-induced phosphorylation of Crb2 and its significance in Crb2 function are not known. Studies of the Crb2-related protein in budding yeast, ScRad9, have provided more mechanistic details on the function of checkpoint adapters. The DNA damage-induced phosphorylation of ScRad9 by the sensor kinases is essential for its function (38) . Only the phosphorylated ScRad9 can interact with the effector kinase Rad53 and promote the activation of Rad53 through in trans phosphorylation (10) .
The fact that checkpoint sensor proteins translocate to sites of DNA damage implies that they carry out the signaling function at these sites (16, 21, 36) . Therefore, it is reasonable to hypothesize that the immediate downstream components of the signaling cascade, the checkpoint adapter proteins, are also recruited to the sites of DNA damage. To explain the requirement of the checkpoint sliding clamp complex for the phosphorylation of adapter proteins, it has also been postulated that the checkpoint sliding clamp may recruit adapter proteins to sites of DNA damage where it can be phosphorylated by the sensor kinases (20, 35) . We wished to examine these hypotheses by monitoring the localization of fission yeast adapter protein Crb2 in response to DNA damage.
Fluorescence microscopy analysis of budding yeast checkpoint proteins tagged with green fluorescent protein (GFP) has yielded valuable information about the checkpoint sensor proteins (21) . However, no conclusive result on the localization of checkpoint adapter proteins was obtained. In this study, we created strains of fission yeast in which Crb2 was tagged with color variants of GFP. We found that Crb2 rapidly concen-trates at discrete nuclear foci in response to DNA damage, and these foci represent the sites of DNA double-strand breaks (DSBs). Surprisingly, damage-induced Crb2 focus formation is independent of the checkpoint Rad proteins. However, the checkpoint Rad proteins are required for the persistence of Crb2 foci. We suggest that Crb2 is recruited to sites of DNA damage independent of checkpoint Rad proteins and the maintenance of Crb2 at sites of DNA damage is under the control of the checkpoint Rad proteins.
MATERIALS AND METHODS

Antibody.
A polyclonal antibody against Crb2 was generated with a glutathione S-transferase (GST) fusion of the N-terminal fragment of Crb2 (amino acids 1 to 275) purified from Escherichia coli as an antigen to immunize rabbits.
Yeast strains and plasmids. The strains used in this study are listed in Table  2 . The cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) coding sequences were from plasmids pDH3 and pDH5, provided by the Yeast Resource Center (YRC) at the University of Washington (http://depts.washington .edu/ϳyeastrc/) (13) . To tag Crb2 at its N terminus, two tandem copies of YFP or CFP coding sequence were inserted behind the start codon of the Crb2 open reading frame in a genomic fragment containing both the upstream and downstream intergenic regions. The constructs containing tagged Crb2 were integrated at the leu1 locus of a crb2⌬ mutant. Rad22 was tagged by integrating at the rad22 locus a plasmid containing a C-terminal Rad22 fragment fused with two tandem copies of CFP. The HO site was constructed by annealing two 51-baselong oligonucleotides and inserting the resultant fragment into a plasmid containing a kanMX4 marker. The sequences of the two oligonucleotides used for constructing the HO site are GAATTCGGCCAGGTACCTTTCAGCTTTCCG CAACAGTATAAAGTACTGTAC and AGTACTTTATACTGTTGCGGAA AGCTGAAAGGTACCTGGCCGAATTCGTAC. The HO site in conjunction with the kanMX4 marker was inserted at the arg3 or lys1 locus by PCR methods (2, 17) . The HO-expressing plasmid was made by inserting a 1.8-kb fragment containing the HO coding sequence (27) into the NruI site in pJR1-41XH (22) , and the resulting plasmid was designated pLD102.
GFP fluorescence microscopy. Unless otherwise noted, cells were grown at room temperature in Edinburgh minimal medium with necessary supplements (1) . Cells grown at room temperature have stronger YFP-Crb2 signal and weaker background fluorescence. Cells were concentrated by centrifugation and kept on ice before microscopy. Microscopy was performed with a DeltaVision optical sectioning microscope model 283 equipped with a YFP/CFP filter set and a Photometrics CH350L cooled charge-coupled device camera. Images were acquired with a ϫ60, 1.4 NA objective and a ϫ1.5 optivar. Eight Z-sections at 0.5-m intervals were photographed and projected into one image using softWoRx software. Between 80 and 200 cells were counted for each sample. To estimate the number of Crb2 foci induced by 1 Gy of gamma radiation, we subtracted the average number of Crb2 foci per cell in untreated cells from the average number of Crb2 foci per cell in cells treated with 1.5, 3, and 6 Gy of gamma radiation and extrapolated the values to the dose of 1 Gy based on the assumption that the number of damage-induced foci is directly proportional to the dose of gamma radiation.
RESULTS
Crb2 is recruited to sites of DSBs generated by HO endonuclease. To monitor the localization of Crb2 in live cells we created a strain expressing Crb2 tagged with YFP at approximately the endogenous level (Fig. 1A) . YFP-Crb2 is functional as the only copy of Crb2 in the cell because it confers the wild-type level of resistance to UV radiation and hydroxyurea (HU) (Fig. 1B and C) . Consistent with the previous report (37), we found that Crb2 showed a diffuse nuclear distribution in most of the cells (Fig. 2A) . A small fraction of the cells had nuclear foci-mostly one focus per cell. The percentage of these cells varied from 10 to 20%, depending on growth con- ditions. These foci are likely to result from spontaneous DNA damage. Spontaneous nuclear foci formed by other checkpoint proteins have been observed before (21) . In budding yeast, the HO endonuclease generates a single DSB in the genome at the MAT locus, and it has been employed to study cellular responses to the induction of DSBs (12) . Heterologous expression of HO endonuclease in fission yeast can generate specific DSBs (27) . To examine the localization of Crb2 in response to DSBs at different locations in the fission yeast genome, we inserted the HO cleavage site into arg3 and lys1 loci separately in different strains or together in the same strain. These two loci are located 1.5 Mb apart on chromosome I. HO endonuclease was expressed from an episomal plasmid under the control of the thiamine (B1)-repressible nmt1 promoter from the pREP41 plasmid (3). Under repression conditions, only the background level of Crb2 foci was detected in cells containing one or two HO sites ( Fig. 2A) . Removal of thiamine led to elongation of the cells and, concurrently, induction of Crb2 nuclear focus formation ( Fig. 2A and B). Cell elongation was due to the checkpoint-dependent cell cycle arrest, because chk1 and rad3 null mutations abolished this phenotype (see Fig. 5C ). Cells that did not form induced Crb2 foci were often not elongated. These cells may have lost the HO-expressing plasmid. Full induction of the nmt promoter takes at least 20 h at room temperature (43) . The maximum percentage of cells containing Crb2 foci varied from 60 to 90% between transformants and was reached around 23 h postinduction. Cells containing foci stopped dividing but continued to elongate after 23 h and eventually died. Cell death is likely due to prolonged cell cycle arrest induced by persistent DSBs generated by continually expressed HO. HO expression resulted in the formation of a single Crb2 nuclear focus in most of the cells containing a single HO site at arg3 or lys1 loci ( Fig. 2A and C) . In contrast, cells containing two HO sites more frequently formed two Crb2 foci in response to HO expression. The correlation between the number of HO-induced foci and the number of HO sites suggests that Crb2 foci represent the sites of DSBs generated by HO endonuclease.
To directly demonstrate that Crb2 foci were at DNA lesion sites, we introduced the HO site into a fission yeast strain carrying the lac operator-repressor system, which allows visualization of the lys1 locus in live cells (23) . The HO site is 2.8 kb away from the boundary of the LacO repeats. To simultaneously visualize Crb2 and the GFP-tagged lac repressor (GFP-LacI) that labels the lys1 locus, we tagged Crb2 with CFP. CFP-tagged Crb2 is also functional as the only copy of Crb2 in the cell and forms HO-induced nuclear foci like YFPtagged Crb2 (unpublished data). When we expressed HO endonuclease in cells containing the HO site at the arg3 locus, no significant overlap was observed between the Crb2 foci and the LacI foci (Fig. 2D) . Only 6% of the CFP-Crb2 foci colocalized with the GFP-LacI foci in cells with both CFP and GFP foci. In contrast, when HO was expressed in cells containing the HO site at the lys1 locus, 59% of the CFP-Crb2 foci colocalized with the GFP-LacI foci in cells with both CFP and GFP foci. The CFP-Crb2 foci that did not colocalize with GFP-LacI in these cells likely represented sites of spontaneous DNA damage. The localization of Crb2 foci to the sites of HO cleavage confirms that Crb2 is recruited to the sites of DNA damage.
Crb2 is recruited to sites of DSBs generated by gamma irradiation. In the experiment system that we described above, it takes more than 20 h to fully induce the HO endonuclease with the nmt promoter, and the induction is not entirely synchronous among the cells. Once induced, the continuous expression of HO endonuclease will generate persistent DSBs. To analyze the relocalization of Crb2 in response to repairable DNA damage, we examined Crb2 focus formation in response to gamma irradiation. Fission yeast cells can withstand a much higher dose of gamma radiation than mammalian cells. A dose of 100 Gy of gamma radiation has little effect on the viability of the wild-type cells and results in about 10% survival of the most sensitive checkpoint mutants such as rad3⌬ (4) . We found that doses of gamma radiation far lower than the lethal level are sufficient to induce Crb2 focus formation within minutes after the treatment (Fig. 3A) . The rapidity and sensitivity of Crb2 focus formation in response to gamma radiation suggest that Crb2 relocalization is an early event in the cellular response to DNA damage induced by gamma radiation. Ionizing radiation is known to produce a plethora of different types of molecular damage to DNA (47) . Among them, DNA DSBs are the lesion most closely associated with the biological consequences of the radiation (14) . Therefore, checkpoint proteins may be recruited only to sites of DSBs, and Crb2 foci may represent such sites. To address this possibility, we examined whether the number of foci match the number of DSBs. Due to the resolution limit, it is difficult to accurately count the number of foci when a nucleus contains more than three foci. Hence, we classified nuclei with foci into three categories (one focus, two foci, and three or more foci per nucleus) and plotted the percentage of each category against the radiation dose (Fig. 3B) . Both the total percentage of the nuclei with foci and the number of foci per nucleus increased with the dose of gamma radiation. Based on these data, we roughly estimated that 1 Gy of gamma radiation generated 0.12 foci per cell (see Materials and methods). According to data obtained by gel electrophoresis methods, the mean value of DSB yield produced by low-linear-energy-transfer radiation is 5. Hence the calculated number of DSBs is similar to the number of Crb2 foci that we observed by fluorescence microscopy. Considering that gamma radiation produces other types of DNA damage, such as single-strand breaks and base damage at frequencies 1 order of magnitude higher than DSBs (47), the close match between the number of Crb2 foci and the number of DSBs suggests that Crb2 is specifically recruited to the biologically significant lesions, the DSBs. Colocalization of Crb2 foci and Rad22 foci. Sites of DNA damage recruit not only checkpoint signaling proteins, but also DNA repair proteins. Fission yeast Rad22, a Rad52 homolog, is a DNA repair protein required for homologous recombination (45) . Chromatin immunoprecipitation analysis has shown that Rad22 binds DSBs at the mating locus in vivo (15) . We tagged Rad22 with CFP and found that Rad22-CFP is functional and shows a diffuse nucleoplasmic distribution in most of the cells, with occasional observation of spontaneous nuclear foci. The spontaneous Rad22 foci may represent sites of DSBs formed when the leading-strand replication is stalled at the mating locus imprint (9) or sites of DNA breaks arising from erroneous replication. Treatments that damage DNA led to the formation of Rad22 nuclear foci. When we generated DNA damage with HO in cells expressing both YFP-Crb2 and Rad22-CFP, 82% of the Crb2 foci colocalized with Rad22 foci, and 97% of the Rad22 foci colocalized with Crb2 foci (Fig.  4A ). This result suggests that both proteins are associated with the sites of persistent DNA damage created by HO endonuclease. Rad22 also forms dose-dependent foci in response to gamma radiation. When we applied 36 Gy of gamma radiation to cells expressing both YFP-Crb2 and Rad22-CFP, within minutes after the treatment, 47% of the Crb2 foci colocalized with Rad22 foci, and 63% of the Rad22 foci colocalized with Crb2 foci (Fig. 4B) . This result suggests that both proteins are almost simultaneously recruited to many gamma radiationinduced DNA lesions. When cells are allowed to recover from the gamma radiation, both Crb2 foci and Rad22 foci gradually disappear. The fluorescence intensity of the Crb2 foci does not change significantly during the recovery. However, the Rad22 foci in recovering cells were brighter than the foci formed initially after radiation. Three hours after a treatment with 36 Gy of gamma radiation, 90% of the remaining Crb2 foci colocalized with Rad22 foci, and 92% of the Rad22 foci colocalized with Crb2 foci (Fig. 4B) . These foci are likely to be DNA lesions that are difficult to repair, and as a result, a higher local concentration of DNA repair proteins accumulated at these sites. The persistent localization of Crb2 at DNA lesions undergoing repair may be needed to regulate DNA repair and/or to maintain the checkpoint signal.
Different genetic requirement for the initial and persistent localization of Crb2 to sites of DSBs. Previous work has shown that DNA damage-induced phosphorylation of Crb2 depends on the checkpoint Rad proteins (37) . The checkpoint Rad proteins are thought to recruit Crb2 to sites of DNA damage, where it in turn recruits checkpoint effectors such as Chk1 (20, 35) . To test this hypothesis, we investigated whether the localization of Crb2 to sites of DNA damage requires the other checkpoint proteins.
The rapid formation of Crb2 foci in response to gamma radiation occurred in chk1, rad3, rad26, rad17, rad1, and rad9 null mutants (Fig. 5A and B) . Therefore, none of the checkpoint proteins encoded by these genes is needed for the initial targeting of Crb2 to DNA lesions. However, during recovery, the rate of disappearance of foci varies among the mutants. One hour after a treatment with 36 Gy of gamma radiation, in wild-type and chk1⌬ cells, the percentage of cells containing Crb2 foci remained at nearly the level seen immediately after the treatment (Fig. 5B) . In contrast, more than half of the rad3⌬, rad26⌬, rad17⌬, rad1⌬, and rad9⌬ cells had completely lost Crb2 foci at this point. DNA repair is not likely to occur faster in the checkpoint mutants than in the wild-type cells, so Crb2 foci may have disappeared in the rad mutants despite unrepaired DNA damage. This result suggests that the checkpoint Rad proteins but not Chk1 are required for the maintenance of Crb2 at the sites of DNA damage. Because the rad mutants are more sensitive to gamma radiation than wild-type and chk1⌬ cells (4) , to exclude the possibility that the rad mutants lose Crb2 foci due to the loss of viability, we examined the induction of Crb2 foci by a second dose of 36 Gy of gamma radiation 1 h after the cells received a first 36-Gy treatment. The rapid induction of Crb2 foci still occurred after the second treatment of the rad mutants (unpublished data); therefore, the faster disappearance of Crb2 foci in these cells is not due to changes that permanently prevent Crb2 from association with the sites of DSBs such as the degradation of Crb2.
Consistent with the notion that checkpoint Rad proteins control the persistent localization of Crb2 at sites of DSBs, we did not observe the formation of HO-induced foci at higherthan-background levels in rad3⌬ and rad1⌬ cells containing the HO site, even though most of these cells eventually died when HO was expressed (Fig. 5C ) (unpublished data). The lengthy and asynchronous nature of the HO induction probably makes it impossible to observe any transient formation of Crb2 foci. The lack of HO-induced foci in rad3⌬ and rad1⌬ cells did not result from the absence of cell cycle arrest, because chk1⌬ cells did not arrest, but nonetheless formed HO-induced foci (Fig.  5C ). Crb2 localization to sites of DSBs is regulated by cell cycle. Fission yeast apparently limit the activation of the DNA damage checkpoint to certain cell cycle stages since HU-or cdc10-arrested cells cannot activate Chk1 in response to DNA damage (5, 19) . Cdc10 is a transcription factor required for passage through Start (18, 25) . Crb2 is essential for the activation of Chk1 (37) . Therefore, we investigated whether the localization of Crb2 to sites of DNA damage is regulated by the cell cycle. Cells immediately released from HU arrest were not proficient in Crb2 focus formation in response to gamma radiation (Fig.  6A) , whereas 2 h after release from HU arrest, gamma radiation-induced foci formed to a similar level as those in asynchronized cells, suggesting that the localization of Crb2 to DNA lesions is blocked at the early S phase of the cell cycle. Similarly, we found that arresting cells at G 1 stage by shifting a cdc10 temperature-sensitive mutant to restrictive temperature also abolished the gamma radiation-induced Crb2 focus formation (Fig. 6B) . The correlation between the cell cycle stages lacking Chk1 activation and the cell cycle stages when Crb2 foci cannot form suggests that the cell cycle regulation of DNA damage checkpoint signaling may be achieved by the control of Crb2 localization.
DISCUSSION
One central question in the study of DNA damage checkpoint signaling is how the signaling molecules detect DNA damage and initiate the checkpoint responses (35) . The findings that two checkpoint complexes are recruited to the sites of DNA damage independently (16, 21) indicate that the damagesensing step of the signaling pathway may require an intricate system of multiple sensors. The data that we present here reveal the additional complexity of this system. Crb2 relocalization to the sites of DSBs is an early event in checkpoint signaling and is independent of other checkpoint proteins. Furthermore, we discovered that the recruitment and retention of Crb2 at DNA lesion sites have different genetic requirements.
Crb2 functions at sites of DSBs. Microscopy analysis of the localization of proteins involved in DNA damage response has shown that many of them form nuclear foci in response to DNA damage (35) . These foci are commonly thought to represent sites of DNA damage. However, evidence directly linking such foci to the sites of DNA damage is scarce. When human cell nuclei were treated with ultrasoft X rays in conjunction with an irradiation mask, the Mre11 protein was found to concentrate to regions of the nuclei that have been exposed to radiation (24) . UVA microirradiation of human cells sensitized by the incorporation of halogenated thymidine analogues demonstrated that ␥-H2AX, Rad50, Nbs1, BRCA1, and Rad51 clustered in irradiated regions of nuclei (29, 33, 42) . These and other partial-volume irradiation studies demonstrated that the proteins involved in DNA damage response are recruited to regions of DNA damage but did not address the question of whether damage-induced foci represent individual DNA lesions. A study using GFP-tagged protein in budding yeast provided probably the best evidence that each damage-induced focus represents a DNA damage site (21) . They found that a single HO-induced DSB resulted in a single Ddc1 or Lcd1 focus, whereas multiple foci formed when multiple DSBs were induced in the telomeric region. In the same study, the Crb2-related protein ScRad9 was found to form very faint damage-induced nuclear foci in a fraction of the cells, suggesting ScRad9 is also recruited to DNA lesion sites. The difficulty in detecting ScRad9 foci may be due to lower local concentration of ScRad9 compared to Ddc1 and Lcd1.
Several of our observations suggest that Crb2 nuclear foci represent sites of DSBs. First, Crb2 foci were induced by the expression of HO endonuclease, which generates specific DSBs in the genome (12) . Second, the number of HO-induced Crb2 foci correlated with the number of DSBs produced by HO cleavage. Third, HO-induced Crb2 foci colocalized with the GFP-LacI foci that marked the sites of DSBs. Fourth, the number of Crb2 foci induced by gamma radiation was proportional to the dose of gamma radiation and consistent with the estimated number of DSBs induced by gamma radiation. Additionally, we observed significant colocalization between Crb2 foci and Rad22 foci, especially among the persistent foci. Rad22 plays an important role in DSB repair and is known to associate with sites of DSBs (15) .
Ionizing radiation generates multiple types of DNA damage. Among them, base damage and single-strand breaks far outnumber DSBs (47) . The match between the number of gamma radiation-induced Crb2 foci and the estimated number of DSBs implied that Crb2 is specifically recruited to the sites of DSBs. We also observed that UV radiation induced rapid formation of Crb2 nuclear foci in a dose-dependent manner, and lower numbers of foci were induced by UV compared to gamma radiation, which produces the same killing effect (unpublished data). These UV-induced foci may represent the small number of DSBs generated by UV radiation (30) .
The biological significance of the relocalization of checkpoint proteins to the sites of DNA damage is not easy to assess. In budding yeast, point mutations in Lcd1, which abolish the ability of the Mec1-Lcd1 complex to localize to sites of DNA damage, result in a phenotype similar to that of lcd1⌬ cells (36) , suggesting that the recruitment of Mec1-Lcd1 kinase to DNA lesions is essential for its function. In this study, we found that G 1 -phase and early-S-phase cells fail to form Crb2 foci in response to gamma radiation. Cells in these cell cycle stages are also unable to activate Chk1 in response to DNA damage (5, 19) . This correlation suggests that relocalization of Crb2 to sites of DNA damage may be essential for the checkpoint response. In budding yeast, two checkpoint complexes, the ATR-like kinase Mec1-Lcd1 and the checkpoint sliding clamp, can be recruited to the sites of DNA damage independent of each other and also independent of the Crb2-related protein ScRad9 (16, 21) . It is likely that the counterparts of these two complexes in fission yeast, Rad3-Rad26 kinase and the Rad1-Rad9-Hus1 complex, are also recruited to the sites of DNA damage. In fission yeast, Crb2 is specific for the DNA damage checkpoint pathway, whereas Rad3-Rad26 kinase and the Rad1-Rad9-Hus1 complex are also required for the replication checkpoint (6, 32) . It is possible that Crb2 provides specificity to the DNA damage checkpoint pathway due to its ability to recognize DSBs.
It is not clear whether the checkpoint proteins associate with chromatin at sites of DNA damage through direct binding to aberrant DNA structures or through interaction with other proteins, such as the repair factors. There is evidence that some checkpoint proteins possess in vitro DNA binding activity. Purified ATM preferentially binds DNA ends (40) , and purified ATR preferentially binds UV-damaged DNA (44) . Recombinant Lcd1 can bind DNA in vitro and Lcd1 was proposed to be the DNA binding subunit of the Mec1-Lcd1 complex (36) . BRCA1, which shares structural and functional homology with Crb2, also has been shown to bind DNA directly (28) . We have found that Crb2 purified from either fission yeast or E. coli has in vitro DNA binding ability (unpublished data). However, we cannot exclude the possibility that, in vivo, the recruitment of Crb2 to DSBs requires other proteins.
The checkpoint Rad proteins regulate the persistent localization of Crb2 at DNA lesions during repair. It has been shown that, in budding yeast, checkpoint proteins Ddc1 and Lcd1 remain associated with the persistent DNA damage sites generated by HO nuclease for a prolonged period (21) . We have shown here that Crb2 colocalizes with Rad22 in persistent foci, which are likely to be DNA lesions undergoing repair. These results suggest that checkpoint proteins remain attached at the sites of DNA damage during the DNA repair process. This persistent association may be essential for the maintenance of a checkpoint signal while repair is under way. Since Crb2 has been implicated in the regulation of DNA repair (7), it is also possible that Crb2 may interact with repair proteins at persistent loci. These possibilities are not mutually exclusive.
We found that checkpoint Rad proteins are required for the persistence of damage-induced Crb2 foci, suggesting a mechanism for these proteins to regulate DNA repair and/or the maintenance of checkpoint arrest. Although an earlier study using a temperature-sensitive allele of rad3 suggested that Rad3 is required to initiate but not maintain the DNA damage checkpoint arrest (19), we have found that inactivation of Rad3 by using the same allele leads to premature release from cell cycle arrest (unpublished data). The requirement for the checkpoint Rad proteins to maintain the persistent localization of Crb2 at sites of DNA damage may reflect the change in DNA structures during DNA repair. The repair of DSBs involves the resection of DNA ends that leads to the formation of the 3Ј-ended single-stranded DNA (48) . We hypothesize that Crb2 by itself can associate with DSBs but not with extensively resected DNA ends. Rad3-Rad26 kinase and the checkpoint sliding clamp are needed to maintain the association of Crb2 with DNA lesion sites once the DNA ends have been processed to a certain extent. Based on this model, in wild-type cells, Crb2 is released from the chromatin only after the completion of DNA repair, whereas in the rad mutants, Crb2 prematurely dissociates from the DNA lesion sites after the extensive processing of DSBs.
Crb2 is hyperphosphorylated in response to DNA damage, and this phosphorylation is dependent on the checkpoint Rad proteins (37) . It is tempting to speculate that this phosphorylation event is needed to maintain the localization of Crb2 at sites of persistent damage. The damage-induced phosphorylation may stabilize the association of Crb2 with chromatin by increasing its affinity for DNA or proteins localized at the damage sites. In order to assess the significance of the damageinduced phosphorylation, it will be necessary to map the sites of phosphorylation in Crb2.
Conclusions. Based on our results, we propose a new model for the initiation and maintenance of the DNA damage checkpoint in fission yeast (Fig. 7) . The general checkpoint protein Rad1 and Rad3 complexes and the DNA damage specific checkpoint protein Crb2 are recruited to DSBs independent of each other. The independent targeting of Crb2 to DSBs ensures the eliciting of specific checkpoint responses, such as the phosphorylation of Chk1. After the processing of DSBs, Rad1 and Rad3 complexes are required for the persistent localization of Crb2 to the DNA lesions, which may be involved in the maintenance of checkpoint signals during DNA repair. VOL. 23, 2003 RELOCALIZATION OF Crb2 TO SITES OF DSBs 6157
